Objective: Develop and validate a predictive model of the incidence of long-term disability following traumatic brain injury (TBI) and obtain national estimates for the United States in 2003. Data/methods: A logistic regression model was built, using a population-based sample of persons with TBI from the South Carolina Traumatic Brain Injury Follow-up Registry. The regression coefficients were applied to the 2003 Healthcare Cost and Utilization ProjectNationwide Inpatient Sample data to estimate the incidence of long-term disability following traumatic brain injury hospitalization. Results: Among 288,009 (95% CI, 287,974-288,043) hospitalized TBI survivors in the United States in 2003, an estimated 124,626 (95% CI, 123,706-125,546) had developed long-term disability. Conclusion: TBIrelated disability is a significant public health problem in the United States. The substantial incidence suggests the need for comprehensive rehabilitative care and services to maximize the potential of persons with TBI.
Among the variables that have been consistently studied are Glasgow Coma Scale, Abbreviated Injury Scale, Revised Trauma Score, intracranial pressure reading, and imaging data. [6] [7] [8] [9] [10] [11] Two studies used a representative sample of statewide populations identified from hospital discharge data to estimate the number of people with long-term or lifelong TBI-related disabilities. In followup interviews of patients hospitalized with TBI, a Colorado study found that 37% of the participants needed assistance in at least 1 of 18 functional independence measures. 12 A similar study in South Carolina reported that 39% of the participants had limitations in performing at least 1 of 6 activities of daily living (ADL). 13 Using a national probability population sample of patients discharged from acute care hospitals, the Centers for Disease Control and Prevention (CDC) estimated that at least 5.3 million people (2% of the US population) are living with disability as a result of a TBI 14 based on extrapolation of findings from the Colorado study. 12 To our knowledge, however, no one has developed and validated a model that could be applied to routinely available data to estimate the annual incidence of TBI-related disability among patients with TBI discharged alive from the hospital. The objective of this study was to develop and validate a model using widely available variables from hospital discharge data sets to predict long-term disability following TBI and apply the result to calculate national estimates of the rate of incident disability resulting from TBIs in 2003.
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METHODS
This study utilized outcome data from the South Carolina Traumatic Brain Injury and Follow-up Registry (SCTBIFR), a population-based sample of persons with TBI, aged 15 years or older, discharged alive from acute care facilities in South Carolina from 1999 through 2002. 15 The registry uses the 1995 CDC case definition 16 that includes International Classification of Diseases, 9th Edition, Clinical Modification (ICD-9-CM) diagnosis codes 800.0-801.9, 803.0-804.9, 850.0-854.1. The code 959.01 (head injury unspecified), which was later added to the CDC case definition, 17 was also included. A detailed description of SCTBIFR data can be found in a study by Pickelsimer et al 13 and http://sctbifr. musc.edu.
Outcome data assessing functional limitations, general health, postinjury and cognitive symptoms, employment, and measures of general psychological well-being were obtained from 2118 participants approximately 12 months after discharge. 15 The relations of various independent variables to a composite measure of disability (described below) were assessed. A minimum set of universally available variables with strong predictive and discriminatory power was selected using a logistic regression model. We calibrated and validated the model, then used its parameters to estimate the incidence of long-term disability among all hospitalized cases in the United States on the basis of 2003 Healthcare Cost and Utilization Project-Nationwide Inpatient Sample (HCUP-NIS) data. 18 The completeness and accuracy of data obtained from the discharge abstracts were checked using methods described in a study by Lawrence et al. 19 The following section describes the model's outcome variable, explanatory variables, fitting, and application.
Outcome variable: Disability
Disability status for the SCTBIFR TBI cases was ascertained using 4 scales administered during a 1-year followup interview. Functional limitations were assessed using ADL. 20 Respondents reported how much difficulty they had bathing or showering, dressing, eating, transferring to a bed or chair, walking, and using the toilet since sustaining the TBI. Participants who reported they were unable to perform or had a lot of difficulty with at least 1 ADL were defined as having ADL limitation(s).
The second measure assessed postinjury symptoms that prevented the participant from doing what he or she wanted to do. The symptoms included vision, paralysis, seizure or epilepsy, hearing, balance, irritability, and temper control. The questions came from 3 different sources and were supplemented by a question on paralysis. [21] [22] [23] Participants who reported having 1 or more of these symptoms were defined as having postinjury symptom(s) that limited their activities, if they stated that the symptoms prevented them from doing things they wanted to do.
The third measure assessed cognitive complaints. Participants were administered the Alertness and Behavior scale of the Sickness Impact Profile, 24, 25 10 items that measure problems with memory, attention, solving problems, orientation, processing speed, clumsiness, and follow-through. The higher the score, the more cognitive complaints the participant reported. Persons whose score was 2 standard deviations (SDs) above the population norm (≥22.2) were defined as having cognitive complaints.
The fourth scale was the Mental Component Summary (MCS) of the Medical Outcomes Study ShortForm Health Survey (SF-36). [26] [27] [28] [29] The SF-36 is a generic instrument that measures physical and psychosocial health in a standardized way, from the participant's perspective, regardless of medical condition or treatment. The SF-36 items that measure mental functioning cover vitality, social function, role disability due to emotional problems, and mental health and can be aggregated into a MCS Scale 30 that has been standardized to the US general population for comparison purposes. The MCS has a mean of 50 and a standard deviation of 10. Persons whose MCS was 2 SDs below the population norm (≤30) were defined as having a significant mental health problem. We did not use the Physical Component Summary score from the SF-36 because it is highly correlated with and measures the same constructs as ADL.
Using information from the 4 variables described above, disability was defined as having 1 or more of the following: (a) functional limitation in at least 1 of the ADLs; (b) significant postinjury symptoms that limited activities (c) significant cognitive complaints, that is, scores that were 2 SDs above the population norm; or (d ) significant problems in mental health, that is, scores that were 2 SDs below the population norm.
Explanatory variables
The explanatory variables included in the logistic model to predict the probability of long-term disability among hospitalized cases were type (severity) of the TBI, preexisting comorbid conditions, discharge status, gender, and age group. The explanatory variables are the same for the various disability criteria. We started with 5 age groups-from 15 to 24 years, from 25 to 34 years, from 35 to 44 years, from 45 to 64 years, and 65 years or older-but combined the first 4 because their coefficients did not differ statistically from each other.
Severity of TBI was categorized according to the Barell Injury Diagnosis Matrix, 31, 32 which is tabulated by body region and nature of injury (based on 5-digit ICD-9-CM codes). In this matrix, head injuries are labeled as type 1 if there is recorded evidence of an intracranial injury
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with moderate or prolonged loss of consciousness, or injuries to the optic nerve pathways. Type 2 TBI includes injuries with no recorded evidence of intracranial damage but with loss of consciousness of less than 1 hour, loss of consciousness of unknown duration, or unspecified level of consciousness. Type 3 TBI includes patients with no evidence of intracranial injury and no loss of consciousness. Type 1 is the most severe and type 3 is the least severe. We created a fourth category for unspecified head injuries (ICD-9-CM code 959.01), labeled as type 4 TBI. Starting from 1997, this ICD-9-CM code has been used widely for many mild TBIs without loss of consciousness.
Preexisting comorbid conditions were assessed from the ICD-9-CM codes in the ranges of 001 to 799 from any of the 10 diagnostic fields found in the hospital discharge record. Participants were classified as having a preexisting comorbid condition if 1 of 30 comorbidities listed by Elixhauser and colleagues was identified in the discharge diagnosis fields. 33 Patient status (at discharge) as indicated in the hospital discharge data set was used to categorize postacute care referral. Persons whose discharge status indicated that they were referred to (a) an inpatient rehabilitation facility; (b) an extended and long-term care facility (including skilled nursing facilities); (c) ambulatory and/or home healthcare; or (d) outpatient/daycare rehabilitation programs were categorized as having been referred for postacute care.
Model estimation and validation
To estimate and validate our model, 100 randomly split samples (i = 1, 2, 3, . . . , 100) were generated from the SCTBIFR data so that a patient was in either onehalf of the ith sample or the other half, but not in both halves. 34 The first half of each sample (estimation set) was used to fit the model and the second half (validation set) was used to validate its corresponding first half. This process was exhaustive-each of the 2118 cases in the SCTBIFR data had the same probability of being selected for either the estimation or the validation set. The β-coefficients from the estimation sets were applied to the corresponding validation sets and mean predicted disability probabilities, observed disability rates, and errors in prediction were then calculated and recorded for each iteration.
To assess the predictive power of the model, distribution statistics (mean, median, 5th, 25th, 75th, and 95th percentiles, and minimum and maximum) for all the 100 mean-predicted disability probabilities were compared with their counterparts for mean observed disability rates. In addition, a receiver operating characteristic (ROC) curve was constructed for the full data set, using predicted disability probabilities on the basis of mean β coefficients from the 100 estimation sets. 35 An ROC curve is a graphical representation of the trade-off between false-negative and false-positive rates for every possible probability cut off (eg, the tradeoff if only those with a disability probability of 60% or higher are defined as disabled). Equivalently, the ROC curve is the representation of the tradeoffs between sensitivity and specificity. The curve shows sensitivity on the Y-axis and 1 minus specificity on the X-axis. An ROC curve that climbs rapidly toward the upper left-hand corner of the graph indicates that the true positive rate is high while the falsenegative rate is low. When the ROC curve follows a diagonal path from the lower left-hand corner to the upper right-hand corner, it means that every improvement in false-positive rate is matched by a corresponding decline in the false-negative rate. One can quantify how quickly the ROC curve rises to the upper left-hand corner by measuring the area under the curve (AUC)-the larger the area, the higher the ability of the model to correctly discriminate those who experience long-term disability from those who do not. If the AUC is 1.0, the model is perfect because it achieves both 100% sensitivity and 100% specificity. If the AUC is 0.5, using the model for correctly discriminating those with the condition from those without is no better than flipping a coin. An AUC less than 0.5 is worse than chance.
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Estimation of national TBI-related disability incidence for hospitalized cases
To estimate the national TBI-related disability incidence for hospitalized cases, we used the 2003 HCUP-NIS data. HCUP is a family of healthcare databases and related software tools and products developed through a Federal-State-Industry partnership and sponsored by the Agency for Healthcare Research and Quality. The 2003 HCUP-NIS includes record-level discharge information on nearly 8 million unweighted inpatient stays from nearly 1000 hospitals. These hospitals approximate a 20% sample of nonfederal, short-term, general, and other specialty hospitals in the United States, excluding hospital units of institutions, drawn from a convenience sample of 37 states that have hospital discharge census data. All discharges from sampled hospitals are included in the HCUP-NIS database, and sampling weights are included to allow for generating national estimates.
To select TBI survivors and construct our model variables, we applied the same criteria and case definition used with the SCTBIFR data. This generated 59,892 unweighted live TBI discharges. In 1% of cases, discharge status was unknown-for estimation purposes, we conservatively designated these cases as nonreferrals; in 0.79% of cases, gender was unknown-for estimation purposes, we called these cases females; and in 0.3% of cases, age was unknown-for estimation purposes, we www.headtraumarehab.com conservatively designated these cases as younger than 65 years.
We used the following formula to calculate the probability of disability:
where a is the intercept, B, the vector of β-coefficients from the full set of SCTBIFR data, and X, the vector of explanatory variables. After calculating the probability of disability for each case in the 2003 HCUP-NIS file, we estimated the annual incidence of TBI-related disability after hospitalization and its 95% confidence interval by estimating the national mean predicted disability probability and its confidence interval. In calculating the 95% confidence intervals, we accounted for uncertainty with Stata 9, which uses linearization methods. 37 We report estimates by demographics and cause of injury. Disability for ages 0-14, although outside of the SCTBIFR data age range (15 and older), was estimated on the basis of β coefficients for the age group from 15 to 64 years.
RESULTS
TBI cases in the SCTBIFR and HCUP-NIS differ on some of the variables used to estimate disability (Table 1) . Nationally, TBI patients are older than in the SC registry and more likely to have comorbidities. They are less likely to have TBI type 1 injuries and more likely to have unspecified head injuries (type 4) or TBI type 2 injuries. Despite these differences, the estimated long-term disability rate among hospitalized TBI survivors nationwide (43.3%) was almost identical to the observed South Carolina rate (43.0%). Table 2 presents the distribution of errors in prediction, which measured the difference between the mean predicted disability probability and the corresponding actual mean disability probability for each of the 100 validation sets. The mean predicted probabilities closely tracked the actual probabilities in all 100 data sets. The mean error in prediction was only −0.0028, with a range from −0.0328 to 0.0238. The model also performed quite well when tested statistically, with the area under the ROC curve (Fig 1) very close to 1 (0.97), indicating a model with excellent discriminatory power. Table 3 shows the predictors of TBI-related disability estimated from the full set of SCTBIFR data. Postacute referral, TBI type 1, and preexisting comorbidity are the strongest predictors of disability. Applying the coefficients from Table 3, Table 4 shows the distribution of TBI-related disability by selected characteristics. Disability rates did not differ significantly between urban and rural hospitals. Almost without exception, the rate (or probability) of long-term disability increased with age. Given that the age indicator in our logistic regression model was a dichotomous variable, the variability within the 2 age groups younger than 65 and 65 or older than 65) in the national data can be explained by other disability predictors (TBI severity, preexisting comorbidity, referral status, gender). The rate of TBI-related long-term disability among women was significantly higher than among men, 49.5% versus 39.9%. About 10.7% of the most disabling TBIs lacked external cause codes. Among the remaining cases, TBIs resulting from falls and firearm injuries were the most likely to cause long-term disability (Table 5) . TBIs in pedal cycling had the lowest probability of long-term disability (and the youngest average age). Importantly, disability rates by mechanism did not differ significantly by sex, suggesting the difference in overall disability rate by sex is explained by a difference in TBI mechanism distribution. Intentionally self-inflicted TBI survivors had a significantly higher long-term disability rate (63.4%; 95% CI: 58.7%-68.1%) than unintentional TBI survivors (42.8%; 95% CI: 42.5%-43.2%). Assault survivors with TBI had a significantly lower disability rate (27.1%; 95% CI: 26.1%-28.0%).
DISCUSSION
This study provides methods of estimating TBI-related long-term disability in large geographic areas using widely available hospital discharge data, as well as national estimates of TBI-related disabilities based on HCUP-NIS 2003 data. The predictive model has been validated using outcome data from a population-based follow-up study of persons with TBI. Nationally, an estimated 43.3% of hospitalized TBI survivors in 2003 experienced TBI-related long-term disability, adding an estimated 124,626 people to the number of Americans with disabilities who likely need rehabilitative or supportive services. Miller et al 38 reported that the Inpatient Rehabilitation Facility Prospective Payment System paid $16,686 per rehabilitation hospital admission for TBI (inflated to 2003 dollars using the Consumer Price Index, Medical Care). Thus, these disabling TBIs could result in $2 billion in hospital payments in the year following discharge.
The pattern of the estimates derived from our model was comparable to TBI-related disability patterns described in other studies. The rising risk of adverse longterm outcomes with age is well documented, even when adjusted for other covariates. [39] [40] [41] However, the effect of gender on TBI outcome has been mixed. A meta-analysis suggested that women had more negative outcomes than men. 42 Conversely, an age-matched study noted the neutral effect of gender on post-TBI outcomes. 43 Our finding that gender differences did not persist when the disability rate was examined by mechanism of injury may explain these conflicting results.
Although few studies investigated the effect of comorbid conditions on the outcome of TBI, several † Unspecified mechanism includes accident, not otherwise specified (E-228.9), assault, not otherwise specified (E-968.9), suicide/selfinjury, not otherwise specified (E-958.9), legal intervention, not otherwise specified (E-976), fracture, cause unspecified (E-887), and undetermined circumstances, not otherwise specified (E-988.9). ‡ Unspecified intent includes firearm, undetermined intent (985.4), railroad collision, not otherwise specified-pedestrian (E-800.2), railroad collision, not otherwise specified-person (800.9), motor vehicle crash, undetermined intent (988.5), undetermined circumstances, not elsewhere classified (988.9), and undetermined circumstances, not otherwise specified (E-988.9).
noted a significant association between the presence of comorbidities and trauma-related mortality during hospitalization [44] [45] [46] and after hospital discharge. 47, 48 Similarly, a study that assessed the mortality experience of a large cohort of persons with TBI 15 months after discharge from acute care hospitals found preexisting comorbid conditions to be among the strongest predictors of mortality. 49 The increased risk of long-term disability among those referred for postacute care is logical and consistent with practice patterns of medical care. Physicians typically assess the need for further care and refer to rehabilitation based on the deficit level at discharge. This may explain why comorbidity was the strongest predictor of long-term disability in our model. Likewise, the finding that the type of injury sustained was predictive of long-term disability is consistent with other studies. 50 Taken together, the variables included in our model were strongly associated with empirically observed TBIrelated disability, were biologically plausible, and were consistent with the literature.
Our study has several limitations. First, the data used to develop and validate the predictive model were from only 1 state. Although the similarity of the South Carolina and national patient demographic and comorbidity profiles lessens the concern over the generalizability of our findings, validation with data from other states is a priority. Second, the South Carolina data exclude children younger than 15 years of age. Thus, our estimate of 4443 persons with TBI-related disability in that age group (3.6% of total cases) is suspect. Because disability probability increases with age, this estimate is likely to be high. Nevertheless, we applied the estimating equation to the age group younger than 15 years to make a national estimate of annual TBI-related disability incidence. Because relatively few TBI cases occur in this age range, the national estimate would change by less than 130 JOURNAL OF HEAD TRAUMA REHABILITATION/MARCH-APRIL 2008 1% if the disability rates by diagnosis group younger than 15 years were 25% lower or higher than the corresponding rates for the 15-to 64-year age group. Third, the outcome variables used are based on self-report. The information provided by persons with TBI might have been distorted by selective recall, lapses in memory, or other sequelae of the TBI. However, previous studies report that persons with TBI have provided reliable and valid data when responding to self-administered questionnaires and telephone surveys. 51, 52 Finally, our estimate of the number of persons with incident TBI-related disability is an underestimate because we included only persons hospitalized with TBI. Persons with TBI treated in the emergency department or other healthcare settings, and those who were not treated are also at risk of long-term TBI-related disability, but they were not included in the study.
CONCLUSIONS
This study provides a simple validated model to estimate the incidence of TBI-related disability and its 95% confidence intervals using uniformly collected hospital discharge information. In a companion article, we apply the model to state data and explain how to use it to estimate individual risk of TBI-related disability for service delivery planning and case management purposes. Our estimates suggest that almost 125,000 Americans per year hospitalized with incident TBIs likely need support and rehabilitative care to maximize their potential.
